Although the medial temporal lobe is thought to be critical for recognition memory (RM), the specific role of the hippocampus in RM remains uncertain. We investigated the effects of transient unilateral hippocampal electrical stimulation (ES), subthreshold for afterdischarge, on delayed item RM in epilepsy patients implanted with bilateral hippocampal depth electrodes. RM was assessed using a novel computer-controlled test paradigm in which ES to left or right hippocampus was either absent (baseline) or synchronized with item presentation. Subsequent yes-no RM performance revealed a double dissociation between material-specific RM and the lateralization of ES. Left hippocampal ES produced word RM deficits, whereas right hippocampal ES produced face RM deficits. Our findings provide the first demonstration in humans that selective unilateral stimulation-induced hippocampal disruption is sufficient to produce impairments on delayed RM tasks and provide support for the material-specific laterality of hippocampal function with respect to RM.
Introduction
The medial temporal lobe (MTL) is unquestionably important for recognition memory (RM). However, the relative contributions of the hippocampus and adjacent entorhinal, perirhinal, and parahippocampal cortices to RM remain to be clearly determined. Early lesion studies in monkeys were marred by extrahippocampal surgical damage. Thus, RM deficits attributed to amygdalo-hippocampal damage were confounded by damage to surrounding tissue, including entorhinal and perirhinal cortex and fibers of passage . Subsequently, RM deficits properly attributed to selective hippocampal lesions in monkeys were achieved using radiofrequency or excitotoxic lesions, sparing surrounding tissue and fibers of passage (Alvarez et al., 1995; Beason-Held et al., 1999; Zola et al., 2000) . Moreover, selective hippocampal lesions in both humans (ZolaMorgan et al., 1986; Rempel-Clower et al., 1996; Reed and Squire, 1997; Manns and Squire, 1999; Manns et al., 2003; Stark and Squire, 2003) and rats (Mumby et al., 1992 (Mumby et al., , 1995 Wan et al., 1999; Dudchenko et al., 2000; Clark et al., 2000 Clark et al., , 2001 Liu and Bilkey, 2001 ) demonstrably impair RM.
Human subjects with lesions restricted to the hippocampus are rare, but focal unilateral electrical stimulation (ES), subthreshold for afterdischarge (subthreshold ES), offers an alternative unexplored method for investigating effects of selective hippocampal disruption on RM, unconfounded by disruption to other MTL structures. Subthreshold ES acts as a transient lesion, disrupting neural function near the stimulating electrodes while current is applied (Heit et al., 1990) , and provides direct insights into the neuropsychological function of stimulated areas by investigating behavioral effects. Previous ES studies by Halgren et al. (1978a,b; required afterdischarges (ADs) to disrupt memory performance. Such studies are difficult to interpret, because ADs may propagate widely, preventing localization of ES-induced disruption of neural function. No study, to date, has investigated in humans the effects of selective unilateral hippocampal subthreshold ES on RM. Whereas subthreshold ES-induced visual RM deficits have been demonstrated by stimulating multiple bilateral MTL sites simultaneously , this study addressed the specific role of the hippocampus in RM, using a novel computer-controlled RM test paradigm in which focal subthreshold ES to left or right hippocampus was either absent (baseline) or synchronized with presentation of words, faces, or objects during encoding.
Materials and Methods

Subjects
Six right-handed English-or Dutch-speaking patients (four males), with medically intractable complex partial epilepsy, were implanted with intracranial depth electrodes to determine the focus of their seizures for possible surgical resection. Except for one patient with probable mesial temporal sclerosis, all had normal magnetic resonance imaging (MRI). Only patients with bilateral hippocampal depth electrodes that traversed the hippocampus were included. Patients were 19 -44 years old (mean 28.5), with mean WAIS-R Full Scale IQ of 98.3, and gave their written informed consent for participation in this ES study, the protocol of which was approved by the Research Ethics Committee of King's College Hospital and was designed in compliance with the clinical intracranial electrostimulation (ICES) protocol of the Dutch Epilepsy Clinics Foundation. The ICES and ES study protocols yielded information regarding seizure lateralization and functional mapping (Velis et al., 1992a,b) . However, test results of the ES study did not influence clinical decision making. Antiepileptic medication was reduced during seizure monitoring and partially or totally reinstituted at the time of ICES.
Electrode implantation
Sites for electrode implantation were based exclusively on clinical criteria. The electrode implantation methodology used has been detailed elsewhere (Agbi and Polkey, 1990; Van Veelen et al., 1990) . Up to six, sixcontact nonmagnetic steel or platinum-iridium depth electrode bundles were implanted bilaterally, including anterior and/or posterior hippocampus. Suitable electrode contacts for hippocampal ES were clearly identified by postimplantation MRI using three-dimensional image analysis (Fig. 1) .
Stimulation protocol
The ES protocol remained within the safe parameters suggested by Gordon et al. (1990) for humans. Biphasic constant current ES was delivered in trains of 1 msec pulses at 50 Hz. Maximum charge density was 57 C/cm 2 /pulse at the electrode surface. ES was passed between hippocampal contacts spaced one or two contacts apart using separate OCS-1 Ojemann Cortical Stimulators (Radionics) for each hippocampus. Determination of afterdischarge threshold (ADT) followed established ES protocols (Lesser et al., 1987; Lee et al., 1988 Lee et al., , 1990 ). The memory disruption threshold is just below ADT Lee et al., 1990 ). Thus, ADT was determined separately per hippocampus, and the stimulus strength required to produce functional changes was set at 10 -20% below ADT during test.
Recognition tests
The computerized RM tests used for this study consisted of a novel yes-no RM paradigm developed by Coleshill (1999) , which used trialunique stimuli for two parallel test batteries (RM1 and RM2), each comprising 48 (two parallel blocks of 24) trials per words, faces, and objects test (Fig. 2 ). Because this study uses a within-subjects methodology, the importance of balancing test items across a range of stimulus attributes (e.g., word frequency) is paramount. This ensures against false-positive ES effects caused by inequalities of stimulus attributes within ES conditions. Thus, test items were rigorously balanced to ensure that rated stimulus attributes were statistically equivalent ( p Ͼ 0.05) for comparisons between the three ES conditions per test.
Words. Ninety-six emotionally neutral four-or five-letter nouns balanced for word frequency: (English and Dutch words: mean, 32.00 and 39.36, respectively); imagery (English words: mean, 5.78; Dutch words: mean, 6.27); age-of-acquisition (Ͻ4.00); and familiarity (Ͼ3.50) (Gilhooly and Hay, 1977; Gilhooly and Logie, 1980; Van Loon-Vervoorn, 1984; Baayen and Piepenbrock, 1993) .
Faces. Ninety-six high-resolution grayscale images of age-matched, unfamiliar white male Caucasian faces, balanced for pose (frontal to threequarters), and rated on seven-point scales for low emotionality (mean, 2.38), and moderate distinctiveness (mean, 4.54) (Coleshill, 1999) .
Objects. Ninety-six pictures of black and white line drawings of objects, balanced for name agreement (mean, 86.42) and image agreement (mean, 3.67) (Snodgrass and Vanderwart, 1980) .
Design and procedure
Computer-controlled ES and RM testing was performed while patients were connected to multichannel cable telemetry with CCTV, which registered concurrent display of EEG, onset and offset of ES, RM test stimuli (Fig. 3a) , and touch responses from the touchscreen during recognition (Fig. 3b) . A within-subjects repeated measures design was used where each patient underwent six RM tests: two test batteries (RM1 and RM2) per words, faces, and objects test. RM1 and RM2 data were pooled per subject. Subthreshold tetanic hippocampal ES was time-locked to stimulus presentation (1.2 sec) at encoding. Hence, there were three alternating ES conditions per test: (1) baseline-no ES; (2) ES of left hippocampus; and (3) ES of right hippocampus. Patients were unaware of the onset and offset of ES. In rare cases of localized ADs occurring during RM testing, proceedings were paused for ϳ30 min . Trials with ADs were excluded from analysis.
For each RM test (block 1), subjects were asked to try and remember 12 items (targets), each shown for 1.2 sec on a 43 cm touchscreen during stimulus presentation. The visual angle subtended by the items was ϳ12°. A 60 sec distractor interval followed, in which random letters of the alphabet were presented for 450 msec each. Subjects were required to verbalize only the letters "A" or "B" when seen. During the recognition phase, 24 items (12 targets and 12 foils) were presented in pseudorandomized order for 1.2 sec each. After each item, a "yes" or "no" choice on the touchscreen had to be touched within 2.5 sec, to indicate whether the item shown was "old" (a target) or "new" (a foil). Targets were shown in reverse serial order, giving a temporal gradient for recognition of 1.15-4.0 min. Then followed block 2. Data were combined across blocks for analysis.
Data analysis
Choice response time scores and signal detection theory (SDT) parameters for hits (H), misses (M), false alarms (FA), and correct rejections (CR) per RM test were calculated using a computerized SDT analysis program developed by Coleshill (1999) . Two measures derived from SDT (MacMillan and Creelman, 1991) were computed on the behavioral data, where dЈ (discrimination) ϭ z(H) Ϫ z(F ), and C (response bias) ϭ Ϫ0.5[z( H) ϩ z( F)]. Scores for dЈ, C, and choice response time were analyzed using repeated measures multivariate ANOVA (MANOVA) with no between-subjects group factors, but two within-subject factors: three stimulation conditions (baseline; left and right hippocampal ES), and three tests (words, faces, and objects).
Results
Behavioral measures
Repeated measures MANOVA on dЈ discrimination scores showed a significant main effect of ES condition, indicating the presence of ES deficits relative to baseline (F (2,10) ϭ 5.038; p Ͻ 0.031), and a highly significant main effect of test, reflecting the difficulty in recognizing words and faces relative to objects (F (2,10) ϭ 20.79; p Ͻ 0.0001) (Fig. 4) . A highly significant ES condition ϫ test interaction indicated that dЈ scores varied according to the material-specificity of the test and the lateralization of hippocampal ES (F (4,20) ϭ 5.008; p Ͻ 0.006). Subsequent investigation of these effects were made using paired t tests as contrasts. Protection against the type I error using multiple comparisons was ensured by using a more stringent significance level of p Ͻ 0.01. Compared with baseline, left hippocampal ES (LH-Stim) induced significant RM deficits for words (t (5) ϭ 3.85; p Ͻ 0.01), whereas right hippocampal ES (RH-Stim) induced significant RM deficits for faces (t (5) ϭ 4.29; p Ͻ 0.008). These data represent a double dissociation between ES and test, such that material-specific RM is dependent on the lateralization of hippocampal ES. Left hippocampal ES impaired word RM, whereas right hippocampal ES impaired face RM. Results for objects were not significant.
If there is no response bias, then C ϭ 0. C response bias scores show little deviation from neutral bias (Table 1) . Similarly, choice response time is restricted to a range of 0.46 -0.60 sec. There were no significant effects for response bias or choice response time for any of the RM tests.
Discussion
These experimental findings provide, to our knowledge, the first demonstration in humans that transient unilateral subthreshold ES-induced hippocampal disruption during stimulus encoding is sufficient to produce impairment on subsequent delayed yes-no RM. Moreover, the pattern of impairment revealed a classic dou- Figure 3 . a, Stimulus presentation phase. Test output, coded as ASCII, was printed on EEG marker channel, as in this sample, showing three target stimuli (S10 -12). Arrows indicate stimulus onset and offset. During S11, stimulus artifact during right hippocampal ES can be seen. b, Recognition phase. Arrows indicate stimulus onset and offset for trial 6. A 2.8 sec "touch window" shows the time available for choice responses. R ϭ touch response (0 ϭ touch timeout, 1 ϭ "no"; 2 ϭ "yes"). Here, a no response has been made. ble dissociation between material-specific RM and the lateralization of ES. Left hippocampal ES impaired word RM, whereas right hippocampal ES impaired face RM (Fig. 4) . The present findings thus provide direct evidence for a functional role of the hippocampus in delayed RM and concur with recent studies in humans Rempel-Clower et al., 1996; Reed and Squire, 1997; Manns and Squire, 1999; Manns et al., 2003; Stark and Squire, 2003) , monkeys (Alvarez et al., 1995; Beason-Held et al., 1999; Zola et al., 2000) , and rats (Mumby et al., 1992 (Mumby et al., , 1995 Wan et al., 1999; Dudchenko et al., 2000; Clark et al., , 2001 Liu and Bilkey, 2001) , which have shown that selective hippocampal lesions impair RM.
To our knowledge, no previous study has investigated the effects of unilateral hippocampal ES on delayed RM, so no material-specific effects are comparable. Moreover, the temporal lobe amnesia-based RM literature is inapplicable, which frequently includes subjects with selective hippocampal but predominantly bilateral lesions RempelClower et al., 1996) . However, our findings converge with multidisciplinary studies that have shown the involvement of the left hippocampus in word-memory (Lee et al., , 1990 Stark and Squire, 2001) , and the right hippocampus in face-memory (Grady et al., 1995; Haxby et al., 1996) . ES-induced effects on RM for objects were absent. Because patients found the objects test easy, this result can be explained parsimoniously by ceiling effects. Another possibility is that RM for objects requires dualencoding (visual and verbal) (Simons et al., 2001) , so that bilateral ES would probably be necessary to show an effect. ESinduced RM disruption was clearly not the result of a confusional state or impaired attentional processing, because subthreshold ES was used. The lack of an effect for objects confirms this.
Several aspects of the RM test paradigm may have contributed to the magnitude of RM deficits reported here. First, yes-no RM tests, in which target and foil items are shown separately, are more cognitively demanding by a factor of the square root of 2, than two-alternative forced choice (2AFC) tests of RM, in which target and foil items are shown together (MacMillan and Creelman, 1991) . Thus, 2AFC tests of RM such as the Warrington Recognition Memory Test (RMT) in humans (Warrington, 1984) , and delayed nonmatching-to-sample tasks in nonhuman animals, may be less likely to involve the hippocampus as a function of reduced cognitive demand. Our test paradigm emphasized hippocampally dependent recollection-based processes during encoding (Schacter et al., 1996) , because subjects were explicitly asked to remember items. For the words test, subjects were asked to remember the "meaning" of words shown (deep encoding); a process thought to be left hippocampally-dependent (Otten et al., 2001) .
Second, tests involving delays and distractions are known to be acutely sensitive to hippocampal damage in humans and monkeys (Zola-Morgan and Squire, 1985; Alvarez et al., 1995; Clark et al., 2001) . Rapid forgetting in the absence of continuous verbal rehearsal and the catastrophic effects of distraction in hippocampal amnesic patients are equally well known (Milner, 1966) . Similarly, delaydependent RM deficits have been reported after hippocampal damage (Alvarez et al., 1995; Buffalo et al., 1998; Dudchenko et al., 2000) . In contrast to the RMT, which has no distractor interval, we used RM tests containing a 1 min interpolated distractor task to prevent rehearsal, with a temporal gradient for recognition of a further 3 min. Thus, we conclude that the susceptibility of the hippocampus to the effects of ES-induced disruption at encoding in this study may have been augmented both by the cognitive demand and recollective aspects of the yes-no RM tests, with subsequent weakening of the putative memory trace by the combined effects of distraction and delay.
Neuroimaging studies of RM have shown hippocampal involvement during encoding only (Grady et al., 1995; Haxby et al., 1996) , subsequent retrieval (Stark and Squire, 2000) , or both (Gabrielli et al., 1997) . Such reports of robust hippocampal activation during encoding are congruent with the ES study by , which showed that RM is more susceptible to MTL disruption at encoding than during subsequent retrieval, although both processes were clearly disrupted. Our results indicate that hippocampal ES, time-locked to stimulus encoding, disrupted the neural substrate for discriminating novel from repeated stimuli by interfering with memory trace formation. The 600 msec immediately after stimulus presentation has been shown to be the critical period during which MTL synaptic activity contributes to processes of associative stimulus integration during human memory encoding (Heit et al., 1990) . Similarly, subthreshold 20 -50 msec ES of the MTL, delivered within ϳ200 msec of stimulus presentation, was found to be maximally disruptive of subsequent RM in monkeys (Ringo, 1995) . Taskirrelevant action potentials during ES are thought to disrupt memory during stimulus encoding (Ringo, 1995) , consistent with the observation that multiple-unit activity during subthreshold 100 msec single-pulse ES showed a sequence of synchronous excitation and inhibition of hippocampal neurons lasting for ϳ400 msec .
In conclusion, this stimulation study demonstrates the efficacy of unilateral hippocampal ES in eliciting material-specific RM deficits. Our findings show that computer-controlled transient focal unilateral subthreshold ES is an effective paradigm for investigating the functional equivalent of selective surgical hippocampal lesions on memory function (Alvarez et al., 1995; Murray and Mishkin, 1998; Beason-Held et al., 1999; Zola et al., 2000) , which is unconfounded by disruption to other structures within the MTL. Historically, bilateral ES of the MTL has proved useful as a model of amnesia (Halgren et al., 1978a,b; . In contrast, focal unilateral hippocampal subthreshold ES permits the structure-function relationships of left and right hippocampus to be evaluated independently, and for material-specific effects to be systematically explored, unconfounded by possible global amnesic effects of bilateral ES. Mean Ϯ SEM. C scores less than zero represent liberal "yes" bias, and C scores more than zero represent conservative "no" bias.
